In the current work, the flow visualizations, heat transfer characteristics and thermal performance assessments in the circular tube heat exchanger with the delta winglet turbulators are investigated numerically. The eight delta winglets are placed on the plate and inserted in the middle of the circular tube on both V-tip pointing o and 60 o , are studied for the Reynolds numbers; Re = 100 -2000 with the single pitch spacing ratio of 1; p/H, PR = 1. The numerical results are compared with the smooth circular tube without turbulators and reported in terms of the flow structure, heat transfer profile, Nusselt number ratio (Nu/Nu 0 ), friction factor ratio (f/f 0 ) and thermal enhancement factor (TEF). As the numerical results, it is found that the use of the delta winglet turbulators helps to augment the heat transfer rate and thermal performance by creating the vortex flows, small vortices and impinging flow on the tube wall.The presence of the delta winglet turbulators leads to enhance on heat transfer and pressure loss higher than the smooth tube for all cases. In addition, the optimum thermal enhancement factor is found to be around 2.85 at Re = 2000,  = 30 o and V-Downstream.
Introduction
To improve the thermal performance in the heat exchangers, various types of turbulators are inserted into the heating system. The turbulators or vortex generators such as rib, fin, baffle, winglet, etc., can create vortex flows, swirling flow, small vortices in the tube or channel heat exchanger that help to enhance the heat transfer rate and thermal performance. The height, attack angle, spacing, arrangement, etc., of the turbulators have effects for flow configuration, heat transfer behavior and thermal performance in the heating section. The optimum variables of the turbulators may lead to the maximum heat transfer rates and thermal performance of the heat exchanger.
The numerical and experimental investigations on heat transfer and thermal performance improvement in heat exchangers with rib and baffle vortex generators had been widely reported. For examples, Jedsadaratanachai et al., (2015) presented the heat transfer characteristics, flow configurations and thermal performance evaluations for the V-baffles in a circular tube heat exchanger with the numerical method. They concluded that the use of the 45o V-baffle, which placed on both the upper-lower parts of the circular tube, can help to improve the heat transfer rates and thermal performance. They also showed that the thermal enhancement factor is around 3.2 for V-Upstream and V-Downstream at BR = 0.20 and 0.25, respectively. Jedsadaratanachai and Boonloi (2014) numerical investigated the flow and heat transfer behavior in a square channel heat exchanger with the 30o double V-baffles (W-shaped baffle). They found that the rising blockage ratio and reducing the pitch ratio result in the rise of the heat transfer rate and friction factor. They summarized that the maximum thermal enhancement factor is around 3.2 at PR = 1, BR = 0.10 and Re = 1200. Singh et al. (2015) studied the effects of relative roughness pitches in a solar heater duct (AR = 12) with the 60o V-Downstream rib with gap on heat transfer, pressure loss and thermal performance. They reported that the relative roughness of 8 performs the highest on both heat transfer rates and friction factor around 2.7 and 2.86 times higher than the base case, respectively. They also found that the optimum thermal enhancement factor varies in the range 1.27 -1.93. Ma et al. (2015) experimental investigated the influences of the parallel ribs in a rectangular channel for steam cooling and air cooling on heat transfer for Re = 3000 -15,000. They found that the heat transfer increasing with reducing the flow attack angle from 90o to 45o on both steam and air flows. Xu et al. (2015) presented the effects of the rib spacing on heat transfer and friction lossin a rotation two-pass square channel heat exchanger for the 90 o rib turbulators. They claimed that the best thermal performance for positive and negative rotational directions is found at the rib pitch to height ratio of 3.8 and 10, respectively. Karwa and Chitoshiya (2013) experimental studied on the thermal performance in a solar air heater channel with the 60o V-Downstream discrete ribs.They concluded that the 60o V-Downstream discrete ribs can improve the thermal enhancement factor around 12.5 -20% when compared with the smooth channel with no rib. Kuma et al. (2013) investigated the heat transfer and friction loss in a rectangular duct with the multi V-shaped ribs with gap by using the experimental method for Re = 2000 -20,000. They found that the use of the multi V-shaped ribs with gap provides heat transfer rate and friction loss around 6.74 and 6.37 times higher than the smooth duct, respectively, at the flow attack angle of 60o. Yadav and Bhagoria (2014) presented the improvement of heat transfer rate in a solar air heater channel with the square sectioned transverse ribs by using the numerical method for Re = 3800 -18,000. They reported that the optimum thermal performance is found at P/e = 10.71 and e/D = 0.042. Tang and Xu (2012) numerical and experimental investigated the heat transfer augmentation in a rectangular channel with the discontinuous crossed ribs and grooves. They pointed out that the thermal performance of the ribbed-grooved channel is higher than the ribbed channel around 10% -13.6%. They also reported that the flow attack angle of 45o performs higher thermal performance than 0o about 18% -36%. Singh et al. (2012) studied the thermo-hydraulic performance of a solar air heater channel (AR = 12) with the VDownstream ribs with gap for Re = 3000 -15,000. The best thermal performance is found at the flow attack angle of 60o. Satta et al. (2012) experimental investigated the flow configuration and heat transfer behavior in a rectangular channel (AR = 5) with the 45o ribs placed on one and two opposite walls. They reported that the two-cell secondary flows appear when placed the rib on two opposite walls, while the ribs placed on one wall can create one-cell secondary flow. Kumar et al. (2012) experimental studied the effects of the multi V-shaped ribs with gap placed on the heated plate in a rectangular duct heat exchanger on heat transfer, pressure loss and thermal performance. They showed that the maximum Nusselt number and friction factor are around 6.32 and 6.12 times higher than the smooth duct, respectively. They also presented that the optimum thermal enhancement factor is found at the relative gap distance of 0.69 and the relative gap width of 1.0. Promvonge et al. (2011) numerical investigated the influences of the 60o V-shaped discrete thin ribs on two opposite walls of a square channel heat exchanger on flow structure, heat transfer behavior and performance assessment. They informed that the maximum thermal enhancement factor is around 1.8 at BR = 0.0725 and Re = 10,000, while the maximum heat transfer rate is around 4 times higher than the smooth channel at the lowest Reynolds number. Singh et al. (2011) reported that the use of the discrete V-Downstream ribs in a solar air heater channel can help to improve heat transfer rate, but also give higher pressure loss. The augmentation of the Nusselt number and friction loss when using the discrete V-Downstream are around 3.04 and 3.11 times higher than the smooth channel with no rib, respectively, that reported by Singh et al. (2011) . Peng et al. (2011) studied the heat transfer augmentation in a channel heat exchanger with various rib types; 90o ribs and V-shaped ribs. They found that the 90o ribs not only increases in heat transfer rate, but also gives very large pressure. The V-shaped ribs perform higher thermal performance than the 90o ribs. They also concluded that the interrupted ribs give higher heat transfer rate than the continuous ribs for V-ribs, but the 90o ribs present inopposite result. Lanjewar et al. (2011a) and Lanjewar et al. (2011b) carried out to investigate the heat transfer and thermal performance enhancement in a solar heater duct with the W-shaped ribs (double V-shaped ribs) placed on the absorber plate. They summarized that the best thermal performance is found at W-Downstream with the flow attack angle of 60o. It is found that the rib and baffle can help to improve the heat transfer rate and thermal performance in the heating system, especially, V-shaped turbulators. The use of the turbulators not only increases in heat transfer rate, but also increases in pressure loss.
Except from rib and baffle, the winglets vortex generators or winglet turbulators had been widely used to augment the heat transfer rate and thermal performance in the heat exchangers. The winglet turbulators can generate the vortex flow and swirling flow through the tube/duct heat exchanger that help to improve heat transfer rate and thermal performance. Many researchers presented the investigations on thermo-hydraulic performance of the winglets in the heat exchangers. Aliabadi et al. (2015) experimental investigated on heat transfer enhancement in a tube heat exchanger with the delta winglet vortex generators. They stated that the use of the delta winglet vortex generators gives a higher heat transfer rate and pressure loss than the smooth tube with no winglet and also found that the performance evaluation criterion is around 1.41 at Re = 8715. Gholami et al. (2014) presented the heat transfer improvement in a fin-and-tube heat exchanger with the 30o wavy rectangular winglet vortex generators for Re = 400 -800. They reported that the winglet vortex generators in the heat exchanger can significantly augment heat transfer rate with a moderate pressure loss penalty. Caliskan (2014) experimental studied on the heat transfer rate in a channel (AR = 2) heat exchanger with the punched triangular and punched rectangular winglet vortex generators. Caliskan (2014) claimed that the punched triangular winglet vortex generators perform higher thermal performance than the punched rectangular winglet vortex generators. Caliskan (2014) also said that the enhancement of heat transfer rate when using these vortex generators is found to be around 23 -55%. Li et al. (2014) investigated the improvement of thermal performance in a fin-and-tube heat exchanger with the winglets that placed around each tube (radiantly arranged). They reported the thermal performance assessment in terms of the Nusselt number ratio, Nu/Nu0, and the friction factor ratio, f/f0. Wang et al. (2015) numerical investigated the heat transfer characteristic and flow topology in a channel with the delta winglet vortex generators. They concluded that the augmentation of the maximum j-factor and f-factor are around 24.96% and 17.61%, respectively. Lofti et al. (2014) numerical studied the various type vortex generators; rectangular trapezoidal winglet (RTW), angle rectangular winglet (ARW), curved angle rectangular winglet (CARW), wheeler wishbone (WW), in a fine-and tube heat exchanger on heat transfer by using the numerical method. They found that the CARW gives the best thermal performance at a small flow attack angle, while the RTW provide the best thermal performance at a large attack angle. He et al. (2013) pointed out that the rectangular winglet pairs can significantly improve the thermal performance and heat transfer rate in a fin-and-tube heat exchanger with a moderate pressure loss penalty. Sinha et al. (2013) presented the effects of the orientations for the winglet arrays on thermal performance in a fin-and-tube heat exchanger. They described that the best heat transfer rate is found when arranging the vortex generators with combined case; common-flow-up and common-flow-down. Huisseune et al. (2013) showed that the louvered fin heat exchanger with the delta winglet vortex generators gives more effective than the baseline case. Gong et al. (2013) studied numerically on heat transfer characteristics and flow visualizations for a wavy fin-and-tube heat exchanger with the combined longitudinal vortex generator; wavy fin and punched rectangular winglet pairs. They concluded that the combined case gives moreeffectively enhance the heat transfer rate.
As the literature reviews, it can be concluded as follows:
-The V-shaped baffle or rib is the most effectiveness for enhancing the heat transfer rate and thermal performance in the heat exchangers. -The V-shaped baffle,which is placed on the circular tube heat exchanger,is very difficult for forming and installing in the heating system. -The use of the V-shaped baffle must be considering the rise of the pressure loss that may reduce the thermal performance in the heat exchanger. -The winglet turbulators, which can generate the longitudinal vortex flow through the tube heat exchanger, help to improve heat transfer rate with a moderate pressure loss penalty, especially, delta winglet turbulators.
Therefore, in the current work, the turbulators are designed, which focus on the convenient for forming and installing in the real system, with remain the flow configuration and heat transfer behavior as V-shaped turbulators and also help to reduce the pressure loss. The small eight delta winglets ( 
Mathematical foundation, computational domain and boundary condition
The flow in circular tube is governed by the continuity, the Navier-Stokes and the energy equations. In the Cartesian tensor system these equations can be written as follows: Continuity equation:
Momentum equation:
where, Γ is the thermal diffusivity and is given by Pr   (4) Apart from the energy equation discretize by the QUICK scheme, the governing equations are discretized by the second order upwind (SOU) scheme, decoupling with the SIMPLE algorithm, and solved by using a finite volume approach (Patankar, 1980) . The solutions were considered to be converged when the normalized residual values were less than 10 −5 for all variables, but less than 10 −9 only for the energy equation. Four parameters of interest in the present work are the Reynolds number, friction factor, Nusselt number and thermal enhancement factor. The Reynolds number is defined as
The friction factor, f is computed by pressure drop, p, across the length of the periodic tube, L, as
The heat transfer is measured by local Nusselt number which can be written as
The average Nusselt number can be obtained by
The thermal enhancement factor (TEF) is defined as the ratio of the heat transfer coefficient of an augmented surface, h to that of a smooth surface, h 0 , at an equal pumping power and given by
where Nu 0 and f 0 stand for Nusselt number and friction factor for the smooth tube, respectively. 
Computational domain

Boundary conditions
The computational domain for the circular tube heat exchanger with the eight delta winglet turbulators is set the boundary conditions as follows:
-
The periodic condition; the flow and heat transfer profiles repeat itself from one to another module, is used for inlet and outlet of the computational domain.
The constant mass flow rate at 300K (Pr = 0.707) is assumed in the flow direction rather than constant pressure drop due to periodic flow conditions. -
The fluid properties, which remain constant, are set at the average bulk temperature. -Impermeable boundary and no-slip wall conditions are implemented over the tube wall as well as the turbulators; on both inserted plates and winglets.
The constant temperature of the circular tube wall is maintained at 310 K while the turbulators is assumed at adiabatic wall conditions.
Numerical assumption
The flow and heat transfer configurations in the circular tube with the delta winglet turbulators are investigated numerically under following assumptions:
Steady three-dimensional fluid flow and heat transfer.
-
The flow is laminar and incompressible.
Constant fluid properties. -Body forces and viscous dissipation are ignored. -Negligible radiation heat transfer.
Result and discussion
Validation of the smooth circular tube and grid independence
It is important to ensure that the computational domain can generate the results with high accuracy and precision. The verifications on both Nusselt number and friction factor with the smooth circular tube are done by comparing the present results with the values from correlations (Incropera and Dewitt, 2006) .The correlations of the Nusselt number and friction factor are presented as Eq. 10 and 11, respectively. It is found that the variations between the present results and the values from correlations are around ±0.05% and ±0.03%, respectively, for Nusselt number and friction factor. Therefore, the current computational domain is reliable to predict the heat transfer rate and flow structure in the tube heat exchanger.
3.66 Nu  (10) 64 / Re f  (11) The number of grids in the computational domain is another important part that must be validated. The three sets of grid cells; 120,000, 240,000 and 360,000 are used for the current computational model. The numerical results reveal that the rising of grid number from 120,000 to 240, 000 has no advantage due to the variations on both Nusselt number and friction factor are gently found around ±0.3% and ±0.5%, respectively. Therefore, the grid around 120,000 cells is set for the model in this investigation when considering on both the precision of the result and time for investigation.
Flow visualization
The investigations on both the flow structure and heat transfer behavior can help to find the technique to improve the thermal performance in the heating system. The flow configurations in the tube heat exchanger with the delta winglet turbulators are presented in terms of streamlines in transverse planes and streamlines in three dimensional through the test tube. o . The longitudinal vortex flows, which generated from the V-Downstream delta winglet turbulators, can classify into two parts. The first parts, the longitudinal vortex flows, which impingeon the tube wall, are plotted with the local Nusselt number distributions (see Fig. 4a ). The impingement of the vortex flows on the heating wall is a very important phenomenon for heat transfer and thermal performance enhancements in the heat exchanger. It is clearly seen that the impinging flow regimes lead to the highest heat transfer rates (red contour of Nu x ).The second parts, non-impingement vortex flows, which create from the delta winglet turbulators, are found in the middle of the test section (see Fig. 4b ). These flows not contact with the heating wall directly, but, can enhance the strength of the impingement flow on the tube wall. Fig. 5 displays the longitudinal vortex flow of the delta winglet turbulators with V-Upstream at Re = 800 and  = 30 o . As the numerical results, the V-Upstream delta winglet can generate the longitudinal vortex flows through the test tube, but, the impingement of the vortex flows on the tube wall (heating wall) for V-Upstream is rarely found. In conclusion, it seems that the VDownstream gives higher heat transfer rates and thermal performance than the V-Upstream, due to the impinging flows, which are found when using the delta winglet turbulators with V-Downstream.Additionally, the vortex strength with different flow attack angles isfound similar results. 
Heat transfer behavior
The temperature distributions in transverse planes and the local Nusselt number distributions on the tube wall are used to describe the heat transfer characteristics the tube heat exchanger with the delta winglet turbulators. o gives the reverse results when considering at the red contours of Nu x on the tube wall.In comparison, the V-Downstream performs higher heat transfer rates than the VUpstream for all the flow attack angles. Additionally, the impingement of the fluid flow on the tube heat exchanger is the most important factor for enhancing heat transfer rates and thermal performance. The profiles on both heat transfer and fluid flow for some cases are found very close, therefore, the performance evaluations in terms of Nusselt number, friction factor and thermal enhancement factor are presented to help to describe the influences of the Reynolds number, blockage ratio, flow attack angle and flow direction. 
Thermal performance assessment
The performance evaluations are reported in terms of the variations of the Nusselt number ratio (Nu/Nu 0 ), friction factor ratio (f/f 0 ) and thermal enhancement factor (TEF) with the Reynolds number as depicted in Figs. 10 -12. -The use of the delta winglet turbulators leads to enhance on both heat transfer rate and friction factor for all cases. The delta winglet turbulators can create the vortex flows through the test section that help to better mixing of the fluid flow between the core of the tube and near the wall. The better mixing help to improve heat transfer rates and thermal performance in the heating system. Moreover, the impingement of the fluid flow on the heating surface is an important reason to enhance heat transfer. -The rising BR and Re result in the increase of the vortex strength and impingement force on the tube wall that lead to enhance the heat transfer rate, thermal performance and pressure loss. The maximum heat transfer rate, friction loss and thermal performance are found at Re = 2000 and BR = 0.2. -The impingement flow on the tube wall in the case of V-Downstream is clearly seen, but slightly found in the case of V-Upstream. Therefore, the V-Downstream gives a higher heat transfer rate, thermal performance and friction factor than the V-Upstream.The flow structure on both cases is found very close, but different in the rotation. 
